Netropsin, a polypeptide antibiotic which binds specifically to adenylatethymidylate-rich regions of deoxyribonucleic acid, inhibits sporulation at about stage II, but does not inhibit growth of Bacillus subtilis. An analysis of the sporulation-associated enzymes aconitase, alkaline phsophatase, and glucose dehydrogenase revealed that their rates of expression were not affected by the presence of the antibiotic. The derepression of histidase, a vegetatively induced enzyme, was stimulated by netropsin. Oxygen utilization by the cells during sporulation was not effected nor was spore germination prevented by the drug. Netropsin, however, did prevent the formation of dipicolinic acid. These and earlier results suggest that netropsin may be affecting the transcription of only select sporulation genes that are particularly rich in adenylate-thymidylate base pairs.
During the sporulation of Bacillus species, several patterns of enzyme activities are observed (4). One of the major difficulties in the study of sporulation has been the inability of the investigators to determine which enzymes were specifically involved in the sporulation process (7) . Since sporulation is initiated at the end of the log phase of growth when glucoseand nitrogen-containing compounds are depleted, an added complexity to these studies is the derepression of catabolite-repressed enzymes. It was shown in previous studies (12) that the derepression of catabolite-repressed enzymes was necessary but not sufficient for the initiation of sporulation. These results suggested that other controls are imposed upon catabolite repression and that these controls may regulate the expression of sporulation-specific genes.
The present studies were initiated in an attempt to determine whether certain functions that are nonspecifically derepressed during sporulation can be dissociated from specific sporulation processes. For this purpose, the polypeptide antibiotic netropsin (19) was used, since it is known to function as an inhibitor of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) polymerases by binding to the adenylate-thymidylate (A-T)-rich regions of the DNA template (18) . Preliminary studies showed that netropsin inhibits sporulation preferentially and that vegetative cells can carry out all necessary functions in the presence of this antibiotic (11) . For instance, growth rate, RNA synthesis, and phage replication were not affected by the antibiotic at concentrations that completely inhibited the occurrence of refractile bodies (11) . Furthermore, the addition of netropsin at any time during sporulation except at the very late stages prevented completion of the sporulation process; the total rate of RNA synthesis was not altered noticeably in these experiments, suggesting that netropsin inhibition could be affecting the transcription of particular sporulation genes.
To determine whether netropsin was affecting sporulation processes generally or specifically, we analyzed several enzyme activities that either have been used as sporulation-related markers or that are known to be catabolite repressed. These and previously reported (11) results suggest that netropsin is either inhibiting the expression of specific genes or is effecting unbalanced synthesis of enzymes necessary for the normal sporulation process.
MATERIALS AND METHODS
Bacterial cultures and media. B. subtilis 168 was used for all the experiments. A modified nutrient broth (2XSG) medium was used for all sporulation experiments (13) . The conditions for obtaining maximum sporulation were described previously (13, 17) . Growth was followed by using a Klett-Summerson colorimeter with a red filter (approximately 660 nm).
Preparation of cells for enzyme assays. Cells were grown in 2XSG medium at 37°C with vigorous shaking and transferred sequentially during log phase to obtain maximum synchronization of sporulation. At To (Tn = n hours after the end of the log phase of growth), the culture was divided into two 80 300-ml cultures. To one of the cultures netropsin was added at a final concentration of 1 .tg/ml, a concentration that allows normal growth but prevents sporulation (11) . From each culture, samples were collected at hourly intervals from To to T6 and quickly chilled. Refractile spores were evident at T6 in control cultures.
For enzyme assays, the cells from 30-ml samples were centrifuged at 17,000 x g, suspended, and washed once with a buffer containing 0.02 M tris(hydroxymethyl)aminomethane(Tris)hydrochloride (pH 7.9), 10 mM MgC12, 0.1 mM ethylenediaminetetraacetate (EDTA), 0.1, mM dithiothreitol (DTT), 1 M KCI, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The resulting pellet was frozen in liquid nitrogen and stored at -70°C.
Cell extracts were prepared by suspending the cells in a buffer containing 0.2 M Tris (pH 7.9), 10% glycerol, 0.01 M MgCi2, 0.1 mM EDTA, 0.1 mM DTT, and 1 mM PMSF, and subjecting them to sonic oscillation at 20-s bursts for 4 to 5 min at 4°C. The resulting lysates were centrifuged at 30,000 x g for 15 min, and the cell extracts were stored at 0 to 40C.
Enzyme assays. Aconitase activity was assayed by the method of Anfinsen (2), alkaline phosphatase was assayed by the method of Leighton and Doi (13) , and glucose dehydrogenase was assayed by the method of Sadoff et al. (15) .
For the assay of histidase induction, the method of Hartwell and Magasanik (8) was used except for a slight modification in the induction procedure. The log-phase cells were not diluted into the medium lacking tryptone, but simply suspended to 100 Klett units in the induction medium (8) . After 3 h of incubation in this medium, histidine was added in the presence and absence of netropsin (1 ,ug/ml), and the histidase activity was determined 30 min after the addition of histidine. One experimental flask had netropsin added 5 min before histidine to determine whether the treatment with the antibiotic prior to induction had a different effect than simultaneous addition of the inducer and antibiotic. In other experiments, netropsin was added at zero time with histidine and at 5-min intervals after the addition of histidine to establish the effect of netropsin after induction. In all assays, 1.5 ml of cells was added to 0.5 ml of cold toluene and shaken for 30 s in an ice bath. A 0.5-ml sample of toluene-treated cells was added to a mixture containing 0.1 ml of 1 M diethanolamine (pH 9.4), 0.1 ml of 0.1 M histidine, and 0.3 ml of water; the final pH was 9.1. The mixture was incubated at 300C for 30 min, and the reaction was terminated by the addition of 0.1 ml of 35% perchloric acid and 0.2 ml of water. The precipitated protein was removed by centrifugation, and the absorbancy of the supernatant solution was determined at 268 nm (A268). One unit of enzyme is defined as the amount that produces 1 nmol of urocanic acid per min. The results are reported as units of enzyme per milliliter of cells.
Preparation of cells for dry weight and dipicolinic acid determinations. For the dipicolinic acid and dry weight determinations, 50-ml fractions of each culture were taken hourly from To to T8. The cells were sedimented and then washed twice with 20 ml of distilled water. The final pellets were suspended to 5 ml with distilled water. Two 0.5-ml fractions of washed and suspended cells were taken per time period and dried in a hotair oven to a constant weight in tared test tubes. The dry weight per milliliter of culture was then calculated from those values and the dilution factor.
The amount of dipicolinic acid formed in the presence and absence of netropsin was determined by the method of Janssen et al. (10) .
Oxygen utilization assay. Oxygen utilization was measured on 0.5 ml of cells diluted to a final volume of 3 ml with temperature-equilibrated 2XSG medium without glucose. The method of Andreoli et al.
(1) was followed, using a David Paige oxygen polarizing unit (model 2X100).
Protein assay. Protein concentration was determined by the method of Groves et al. (6) .
Materials. Netropsin was kindly provided by E. L. Patterson, Lederle Laboratories.
RESULTS
Since netropsin preferentially inhibits sporulation (11) , several experiments were planned to determine its effect on the expression of enzymes that have been associated with the process of sporulation (4, 7). The expression of some of these enzymes could be explained by the fact that they are catabolite repressed during growth; they may, however, have some additional role during sporulation or germination, since they are expressed during the sporulation process. Therefore, the effect of netropsin on the expression of enzymes during sporulation and catabolite derepression was tested.
Effect on sporulation-phase enzymes. Samples of cells growing in the sporulation medium in the presence and absence of netropsin were removed at hourly intervals from To to T6 and assayed for alkaline phosphatase, aconitase, and glucose dehydrogenase. The growth curves for the cultures are shown in Fig. 1 . No difference in the rate of growth or in the total yield of cell mass was evident when cells were grown in the presence of netropsin. The derepression of the three enzymes is illustrated in Fig. 2 . For all three enzymes the time of derepression and the amount of derepression were not affected by the presence of netropsin. For all three enzymes the pattern of derepression and turnover were also very similar. Therefore, under conditions in which no sporulation was observed, the expression of three enzymes associated with different phases of sporulation was unaffected.
In a similar experiment, the amount of dipicolinic acid synthesized in the presence and absence of netropsin was measured. Since no forespores were observed by light microscopy, it seemed unlikely that dipicolinic acid would be synthesized. However, the possibility existed that dipicolinic could be synthesized but not complexed within the forespore. Cells were grown in the absence and presence of netropsin (1 ,g/ml) to see whether dipicolinic acid was synthesized during sporulation. The results (Fig. 3) demonstrated that dipicolinic acid was not made in netropsin-treated cells and that the block in sporulation occurred at an earlier stage than dipicolinic acid synthesis as observed previously (11) .
Effect on enzyme induction. The previous observations were made during sporulation where the timing of derepression and the systems affected were dictated by the cell's response to its environment, a product of its own metabolism. Further experiments were done to test the effect of netropsin on the induction of a specific enzyme. For this purpose, cells were exposed to a medium shift described by Hartwell and Magasanik (8) for the induction of histidase in B. subtilis. The results indicated that the induction of histidase was not inhibited by netropsin (Table 1A) . Three different conditions were used. In one case, netropsin was added before the inducer to see whether pretreatment with the inhibitor would affect induction (Table 1A , line 1). In the second case, netropsin was added simultaneously with histidine (Table 1A , line 2), and in the final case, netropsin was added at various times after induction had been initiated (Table 1A, (Table 1C, lines 1 and 2) .
In all instances, with and without netropsin, histidase was induced. Somewhat surprisingly, the induction of histidase was always slightly greater when netropsin was present (compare Table 1A, line 2 with Table 1B , line 1).
Effect of netropsin on oxygen uptake. Oxygen utilization of cells during sporulation was measured with an oxygen electrode. No difference in oxygen utilization was observed when cells were treated with netropsin. These data indicated that the netropsin-treated cells were capable of aerobic metabolism at a rate similar to that of the control cells. Therefore, the inhibition of sporulation by netropsin does not appear to result from a perturbance of the main energy-yielding metabolism at that time.
Effect of netropsin on outgrowth. Since netropsin causes an inhibition of sporulation, its effect on outgrowth was tested. Equal amounts of spores were suspended in 2XSG medium in the presence and absence of 0, 0.5, and 1.0 ,ug of netropsin per ml and incubated at 37°C with vigorous shaking. No differences were observed in the rate of outgrowth, in the rate of growth, or in the cell mass after growth at early sporulation phase (Fig. 4) in any of the cultures. Therefore, although sporulation was inhibited by 1 ug of netropsin per ml, outgrowth and growth were not noticeably affected. However, no studies were done to determine whether netropsin was able to penetrate the newly germinated spore. 
DISCUSSION
It is difficult to assess the. exact effect of an antibiotic such as netropsin on a complex process such as sporulation, since most antibiotics have pleiotropic effects in vivo. It is interesting, however, that these and previous studies (11) indicate a specific effect on sporulation and a lack of a general effect of the antibiotic on growth rate, phage replication, derepression of a catebolite-repressed enzyme, outgrowth of spores, and RNA synthesis and aerobic metabolism during growth and sporulation. Since the effect of netropsin is primarily on the sporulation process, several explanations are possible. Netropsin is known to bind to A-Trich DNA sites in vitro (18) and, consequently, to inhibit RNA synthesis by preventing the RNA polymerase from binding to DNA (14) . Netropsin may, therefore, prevent the expression of certain sporulation-specific genes (9) that have base compositions particularly A-T rich in the RNA polymerase-binding site.
Another possible explanation for the netropsin effect is that it is inhibiting the rate of expression of many genes very slightly and that the cumulative effect of this small degree of inhibition unbalances the delicate sporulation process and results in abortive sporulation.
One other aspect of these studies regarding histidase induction has intrigued us. In five independent experiments, we always observed that the rate of histidase synthesis was greater in the presence of netropsin than in its absence. Possibly netropsin is interacting within a regu-. latory region for histidase expression and actually enhancing the rate of expression for this gene. For instance, it could interfere with a negative regulatory factor for its site on DNA. If this is indeed the case, then the effect on sporulation could be the result of overproduction of certain gene products resulting in an imbalance of functions and disruption of the sporulation process. Therefore, netropsin could affect gene expression in two ways: inhibition or stimulation.
The effect of netropsin on a new RNA polymerase activity found in sporulating cells (5) is being investigated. This new RNA polymerase activity has an extremely high affinity for the DNA-cellulose column and is eluted only with 0.9 M KCl, whereas the vegetative holoenzyme is eluted at 0.6 M KCl (5). These results suggest to us that sporulation RNA polymerase may be recognizing promoter sites different from those recognized by vegetative holoenzyme. Since promoter sites are known to be rich in A-T base pairs (3), one possibility that we are entertaining is that netropsin is preferentially binding to sporulating promoter sites for vegetative genes.
These initial results with netropsin have suggested the possibility of using this antibiotic to obtain specifically blocked sporulation cultures and to dissect the sporulation process away from vegetative functions. Netropsin may be useful as a tool in other studies where inhibition of specific RNA polymerase functions is desired.
